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TECHNICAL KNOTE MWO. 837 e
HOTES O THE STABILITY AND COHIROL S~
OF TAILLESS AIRPLANES ﬁ"ﬁ;?*;g_"

By Robért T. Jones : e
SUMMARY _ _ T e —

Problens involved in the stability and cqontrol of _
tailless airplanes are discussed. Such factors as the lo-
cation of the aerodynanic center and its effect on the '
longitudinal stadility, longitudinal trin with high—lift
devices, the effects of various changes in the shape of The

e o

covered. . » - R

It appears that sufficient stability and contreollablil-
ity can .be 'secured without swespback. Witk sweepback, a A
flap over the center section of the wing nay be uséd to o '
serve the dual purpose of elevator cortrol and hl@hulif%

- . F

device. Sweepback introduces undesirable stalling charac¢-— "jj:
teristics, however, and ney regquire auxiliary ievices to
prevent stalling of the tips, I
INTRODUCTION e e
‘The advantage in arrangezent ang perforiiarice that the _
- .-*J'_ﬂ

tailless airplane has over the conventiozal tType has al~""
ready been the subject of considerable discussion. The oo
present paper is chiefly concerned with aerodynanic facw’ )
tors as they affect the stability and cofitrol OF tailless

airplanes, _ _ ‘—;;;*E
With the gserodynanic ianformation available at pres-—

ent, the designer should be able to predict with cqnfi-

dence the behavior of an’ airplanc that resembles in design’

a reasonably cenventional wing. There is still, hoyever, T

a lack of information on the loading of wings with large

angles of sweepback and on the 1oading of wings 01 Ver

low aspect ratio, ‘ T oI e
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SYMBOLS

agpect ratio
angle of attack
wing span

angle of sideslip

wing chord

Lift 1ift coefficient
p 2 e
L ‘rolling-nonent coefficient .
P 2
SW 5‘ UO b
M .
'pitching-~tionent coefficient
P .= ' : '
Sw "é' 'UO c
X - yawing-noment coefficient
s, 2uly '
w 2 (o]
Y' . :
side-force coefficient
p 2
Sw 5 Uo
rsl67 c ¢
--'-.}_:'..l Cm = a—m -—.—E', e.tc.
o D8 ~ aDE _ gce’. '
d-———
Ug
3C, oC, acy
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Uo U, :
'd _
s derivative with raspeot to distance

along flight path
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8 . elevator or rudder deflection

kg, kys kg radii of gyration about axis
indicated by subscript

1 length of fuselage o ) oo

m mass of al.rplane o

2 . angular veloclty in rolling-. . -
q : angular velocity in piltching ”

r rangular veloclty in yawing

distance along flight path

X
Y airplane axes
4

LONGITUDINAL STABILITY AND CONTROL _ -

An ordinary wing with a slight reflex camber and dihe-
dral has.all the merodynamic characteristics ne¢éssary -
for both lateral and longitudinal sbtability. As in the
conventional airplane, longitudinal stability in gliding
flight is-practically assured 1f the centor of gravity is
located slightly ahead of the aerodynamic center of the
wing (fiz., 1). TFor wings of normal aspect ratio and di- L
mensions the acrodynamic cenbter is located at about 24 .
percent of the mean chord. At very low aspcect ratios the
acrodynamic conter moves ahead and upward, and the attain-

viL I b

‘ment of stability and balance becomes more difficult. The

location is also appreciably changed by the addition of a
streamline nacelle. or by sweepback. Changes in wing scc-
tion generally have only a slight effect. MAn extreme re-— R
duction in thickness toward the trailing edge may cause & -
backward displacement of 2 or 3 perc¢ent, Conversely, it B
is possible to produce a forward shift of the sane amount '
by abnormal thickening of the rear portion, - S %
The addition of a streamline fuselage or nacelle
causes a forward shift of the aerocdynamic center, thus ne-
cessitating a more forward location of the center of grav-
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ity. Figure 2 (plotted from data glven in reference 1)
shows the movement of the aerodynamic cenbter actually
cauged by a relatively large fusgelage in combinatlon with
the wing. It will be noted that, when the wing intersccw
tion was near the nose of the fuselage, the interference
wns sufficient to nullify the unstable moment; that is,

the aerodynamic center was not sghifted, A comprehonsive
analysis of tho effects of tho fuselage and nacolles on
both the longitudinal and the latoral stability paramotors
will be fouund in a rocont article by Hulthopp (reforenco 2).

The stabillty characteristics of a tailless alrplanc
diffor from those of a convontional alrplanc chiefly in
the reducocd kinematic damping of tho pitching motion.
Figuro 3 shows the estimated damping coefficionts

3C 80
Cm = i = b (3>
Do Db BEE
Uo

for several airfoll arrangoencnts. It is to be noted that
the addltion of the tail surface increcases the kianocmatic
damping noarly 10 timoes. Both thecory and experimont indi-
cate that the offect of the fuscelage on tho damping ie

not important, (The valuo of ACmDS is of the ordor of

-0.2 fgr a fuselage of the proportions i1llustrated in
fig. 2

If the tailless airplanc is statically stablo (that
is, has ite center of gravity ahoad of the acerodynanic
center), the freo rotations in pitch will be coupled with
motions normal to the chord and the danping of thesc mo-
tions will be offective in reducing the pitching,

Figure 4 shows the calculatod perlods and ratos of

' Gamping of the short~per10d longitudinal oscillations, for

varying degrees of static stability. In addltion to the

reduced damping coefficient <ODD9 = e %), the all-wling

airplane was assumed to have a reduced monent of . inertia
in pitch (kY = % c); The curves shown apply to a wing
chord of 10 feet at a loading of 20 Pounds. per sgquare foot

and are typical of the results of an extensive series of
calculations, The dotted lines indicate locations of the

. center of gravity for aperiodic motion.in this .mode,



_airplane._ i _ e

..continue %to nose up in an unstable nanner, The tailless

.verse effocts.can be easily olininated,

" notion of. .a Faillless ailrplane is less than that of a cone

.tionel girplanc is nore unstable booause of the dostabile
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It is remarkable that, although the potary damping
coefficient anG of the tailless airplane is only one~

tenth that of the conventional airplane, the resultant
danping of osclllations in flight is nearly as great, Thse
additlional danping is obtained through coupling with the
vertical motion. - The lack.of direct danping appéars to
alter the sequeonce of the notions in such a way as to mnake
this.coupling nore effective in the case of the tailless

In slow longitudinal motions involving changes of
fiight speed, the stability of the convontional alrplane
is usually‘impaired by tho action of the slipstrcan on the
tail surface. In the usual grrangegpnt, the 1ift of the
wings 4cts behind the center of gravity'and a downward
trinming load 1s carried by the tail surface, which-is in
the slipstrean. Since the velocity in the slipstroanm -
tends te remain morc nearly constant than the fllght ve«
locity, the forces on-the wing and on the tall surfaces
will not vary with flight speed in the sanc proportion, ~
Thus if the airplane noses up and loses flying speéed, The
wings, having nost of their arca oubside the slipstroam,
will lose 1ift at a rato greator than the rate of ro&uél
tion of the Jownward trinming load and tho airplane nay

arrangoment affords a dofinito advantage in thot such ad—

In the gliding condition, -the danping of theo phugoild

ventlonal .airplane and there is,. in general, sonewhat
groater likelihood of phugold instability with the tail-
less airplanc. (See fig. 5,) With power on, tho coavere"

izing influocnce of the slipstrean. Inasnuch as the period
of this.ogcillation is very long and tho damping slight in
any casoy the diffprences shown are considered yninportant,

. R T

A decided changg ir the character of tic longitudi-
nal notion will occur if .the conter -of gravity is allowcd
to shift to a poesition behind the aerodynanic conter. In
this condition the-rato of divergence of tho tailless
airplane is nuch nore rapid than that of thd céuv¥entional

type and nay boecomne uncontrollable at rclatively small

negative values of X. Figurc 6 shows typical variations -
of tho danping factors at small values of X, As the con- <
ditlon of noutral static stability (X = 0) is approached,
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the couplex roots arc_replacod by roal roots, onc of which
becornes positive at x = 0, indicating a rapid divorgonce
of tho tailloss airplano in tho region of staetic instabilw

ity.

It should be possible ¢ secure satisfactory longlitudi-
nal control with a straight wing seinply by utillzing the
.piltching action of narrow flaps. Because trim at higher
angles of attack would be attained by ralsing the flap and
thus reducling the canber, the arrangement would entall some
reduction in maxinmum 1ift, the anount depending on the dew-
gree of static stability. Figure 7 shows the elevator an-
gles and corresponding reductions 1n GLmax for several

flaps with a stralght wing. The curves were based on the
reductions in O (below GLm x) and the pitching nonents

obtained in experinents with. flaps. It is to be noted
that the narrower flap is the more officient (though less
‘poworful) elevator, Tho computations were nade for a rec-
tangular wing of aspect ratio 6, Very high 1ift coeffi-
cients could be attalined only with the ald of somne dsvice
that did not displace tho contor of pressure,

Figurc 8 shows elevator deflections necessary to pro-
duce a specified curvature of the flight path and illusw-
‘trates the increased maneuverabllity of the tailless air-
plane., The elevators are dessigned to give equal pitching
noments in order ‘that both the conventional and the tail-
less airplanes would require  the sane elevator deflections
* to produce equal changes in trim, 'The increased path cur~
"vature or normal acceleration posslible with the tallless
airplane is a consequence of the smaller damping in pltch-
ing.

If sufficient swoepback is omployod, it Dbecomes pos-—
sible to use cambored ‘sections or scctions with flaps
designed to increase tho 1ift over the centor scctions of
the wing, In such an arrangoment the 1ift developed by
the flap or by the camber is placed sufflciceantly far ahead

to offsct the pitching moment, Furthermore, 1f the flapped

portion of tho wing isg placed somewhat farthcer ahead, so as
to bring tho controid of its load forward of the center of
gravity, the flap may bo usod directly as an elevator.

(Sce fig, 9.,) Downward deflection of the flap will then
increoase the 1ift and the angle of attceck simuiltansously,
as illustratod in figure 10. : '

If the angle of sweepbamck is small, it may be assumed

-

ey
L

M
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that the spanwlse laasding is not altered bdut is merely IO
tated backward through the angle of sweep. The pitcéhing
moment due %o a small amount of sweep thus depends on the
spanwise location of the load centroid of the stralight
wlng, ZFigure 11 shows the calculated locations of this
centrold corresponding to flapé of varlous lengths extend-
ing from the middle of the wing, The centroid for a flap
of 100~percent span is the same as that for a change in
angle of attack of the wing as a whole and thus locatos
the spanwise position of the acrodynamic centor, It is
preferable to assume that the ‘1ift loads act along the
quarter-chord line and to take account 6f the backward
displacemont of the flap 1ift load by calculating the in-
tegrated pltching moment of the flapped sections,'because
this moment i1s mere independent of aspect-raftio effects
than is the 1ift, TFor rough estimates, the 1ift adaded by

. the flap may be assumed to act at about 45 percent of the

chord of those sections inboard of the. flap tip and along
the quarter—-chord line outboard of the flap tip. -

A smzll damping coefficienﬁﬂﬁgﬂnﬁhf}s a definite ad—

vantage in that the pitching disturbances_produced4dy
gusta.&l&_smal;g;¢ According To calculations made by
Kissner (referenco 3) a stra*gnt wing moving into an in-
croasing gust will experlence no pitching moment what—
ever about the quarter—chord linoe., Although it might be
expected that the nose of the wing, being in a region of
greater velocity than the rest of the wing, would bo de-
flected upward, there will be at the same time an accelar~

~ation of the average normal velocity over the entire chord,

which will lead to an acrodynamic inortia force acting at
the 50~percoent-chord point and which, calculations show,
ig Jjust sufficient to balance the moments about the aeroe
dynanic center. The argument may be extended to include
any arbltrary variation of vertical velocity alon the
path of the alrplane, L e
Because the wing will actually have its center of
gravity ahead of the aerodynanic center for stability, 1t
follows that the action of a rising gust will be to reduce
the angle of attack and thus automatically to dininish the

‘force of the gust, In figure 12 are plotted 80Lle CUrves,

calculated by the method of referonce 4, to show the ef-~
fect of a gust on tallless and conventional alrplanes.

The gust was assumoed to have uniformly, increasing volocity.,
In the case of the conventional airplane, the initial
pitching notion is in a direction that increases the angle

[l : .
W j: L AN LEVRPIRATY 11 R B RTE T T

b

y
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of--attack because of thoe differonce . in tho gust volocl-
tios at the wing and at the tail

LATERAL STABILITY AND CONTROL

With careful design, tho taillees airplano should bo
able to approach the convontional airplanc in its latoral
stabllity and control charactoristics. Tho nain diffi-
culty 18 undoubtodly in tho provision of sufficlént weath-.
ercock stability and damping in yawing. The required dee
gree of such stability is essentially the same as that for
a conventional alrplane and in either case 1ls greatly re~
duced if the adverse yaw of—the ailerons is eliminated,
For this reason it seems desirable to .use a lateral con-
trol having a zerc or a slightly favorable yawing action,
Favorable action is probably best achioved by-a linkago
betwoen tho aileron and the rudder controls or bya link-
age between the allerons and a servo tab on the rudder,
With the aileron yaw compensated, the fin area requlred
wlll be about in proportion te the size of the nacelles
because the wing alone has merginal weathercock stablility
and damping. The unstable moment of the nacelles may be
estimated by Munk‘s formulas (reference 5).

Different static yawing~moment characteristics may be
‘obtalned by sltering the plan and selevatlon shapes of the
wing, Changes _ of plan form alone &4¢ not, however, have a
propounced effect on the lateral-stability characteristics
exeespt insofar as they .modify the stalling behavior of the
wing., Weathercock stability may be secured by the use of
sweepback combined with negative dihedral or with cand
plates at the tips., The negative-dihodral arrangement re-
sulte in a favorable combination of rolling and yawing
moments 1f the control 'is made to act on .the turned-down
tipse The yawing moment due to the rolling motlon produced
is adverse, however, and of such magnitude as to counter-
act .the favorable effect, unless extreme nogativa .dihodral
1s employed. If extreme negative dihedral is wused, the
controllers on tho tips act primarily as ruddors and sep- -
arate allerons must be provided on the mgin wing surfaco,.
Tho tips then corredpond %o end plates on the under -slde
of tho wing. B . _ o

BEnd plates on tho under side of the wing will expe-
rlence an outward force as a continuation of the 1ift of
the wing., It mlight be thought that the outward 1ift of

L
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such end plates would be unfavorable to weathercock stabile
ity, because & slideslip would ‘increase the 1ift, and hence
the drag, on the down~wind plate. In the true resolution
of forces, however, it is found that the resultant tends

to turn, maintaining & direction nearly enough at right
angles to the wind to outweigh the drag increase, There

is, therefore, actually a favorable weathercock action, as

shown in figure 13, Similar considerations apply in dew-
termining the yawing moment of a wing with dihedral. In
this case the customary setting, which inclines the 1ift
inward, results in adverse weathercock action., TFor a more
complete analysis of the lateral—-stability charactoris~
tics of wings, the reader l1s referred to rpforgnce_ﬁ,

The requirement of dihedral for stability 1s ©886N-—
tially the same for a tailless alrplane as for a cohven-—
tional airplane. If spiral stability is not considerecd
essential at all speocds (as is usually the case), it seems
advisable to limit the dihedral to 1° or 29 in order %o
reduce lateral oscillations in rough air. T

As in the case of pitching motion, elimination of the
tail greatly reduces the rotatlional damping, TFilgure 14

"shows the estimated damping coefficients’ of yawing motion
G

aCy,
ny T rb'

an
a well—streamlined fuselage of" round or oval cross section
will be very small, One set of oscillation experi@enﬁs
gave a value egulvalent to- Gnr = 0,005, for a fusqlage

for some typical arrangements. The Qamping of

having a 1ength squal %o two-thirds the wing span. In
this case, however, the fuselage terminated In a vertical
wedge, a Ffeatiire which may well have accounted for the
greater part of its damping., The danmping of the wing 1s
dus to the distributlon of drag along the span and bocomes
greater at higher 1ift coefficlents, Within the usual
limits of dihedral and weathercock offects, the damping of
tho froq latoeral oscillaftions is invariadbly grc%ter than

Gnr. The additional damping 1g provided by GYB and ~ ¢,

T
and is introduced through the coupling of these motions

(sideslipping and rolling) with the yawing notion, Bew-

cause both Cy and 'an. as well as the coupling between

yewing and rollingz motions tend $o diminish at lower an-
gles of attock, the lateral oscillation is nore likely to .
be troublesome at high speed. . Figure 15 shows calculated

B - —

L AT ST
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rates of damping of the free lateral oscillatlons for typ- _
ical values of the stability derivatives, The value of '
CZ used corresponds to o .dihedral angle of approximately

29, An indicatlon -of the variastion of—lateral stability
with O0Op and ,Gzﬁ at low values of Gnr' nay be ob-.

tained fron the charts given in reference 7.

. If sweepback is employed, the fact should be borne in
mind that a pronounced rblling or pitching instabllity nay
develop at high angles of attack because of premature tip
st'alling assoclated with a lateral flow of the boundary
layer., The effect of sweep 1s to introduce a conpoment of
the relatively groat chordwise pressure gradient lnto a
direction at right anglos to the nain strean veloclty over
the wing, The viscous drag of the sireanm then cannot act
to prevent flow.of the boundary layer latorally into ro-
glons of lower pressurc over the forward portions of ad-
Jacent wing sections. The result is that the boundary
layer flows toward the tips of a swept-~back wing and prena- .
ture separation occurs, Filgure.l1l6, plotted from data given
in reference 8, shows this effee¢t on sections near the tips
of twov rectangular wings with sweep. The existence of this
effect nmay aslso be inferrsd fron the tests of reference 9,
in which the swept-back wings tended to nose up when
stalled, (See fig. 17.) With 30 sweepback this tendency
persisted even when the wing was given 8,5° washout. Little
ls known about the variation with angle of sweep, although
the tests of reference 9 showed ah appreciable effect at
an angle of 15°, Fron these indications, it would seem ad-
visable to incorporate some auxilinry boundary-layer conw
trol dévice, such as leadlng~ecdge slots, in the design of
a tailless alrplane having considerablc sweepback.

CONGLUSIONS ' ' :

1. With careful design it should be possible to se=
cure satlsfactory stability and control in.a taillese alr- .
plane, The snall rotagtional danping hardly affects the
short~period longitudinal .oscillations, although the danp-
ing of the stable lateral osclllation-.is likely to be re-
duced sonewhat, particularly at high speeds. g

e

2, Althpdgp_the donping in piteching has a snall efe- .
fect on the stabllity with normal center-df-gravity loca- .
tions, the tailless airplane Is in greater danger aof in-
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stability due to an abnormal backward shift of the coenter
of gravity because this instablility becones nore serious
as the danping is reduccd,

3., As the weathercock stability or the damping in

. yawing is reduced by elimnination of thg tail surfaces, it

becones nore inportant to overcone tho ~nileron yaw and
the yaw due %0 rolling.

4, A considerable reduction of the disturbancos pro-
duced by vertical gusts is possible in the case of a talla
less airplane without sweepback, This effect, which ig =
due to a favorable pitching notion, depends on the static
stabllity and the nonent of inertia of the airplane.

54 The use of sweepback nakes it possible to enploy
a partial-span flap as a high-1ift device. It also sip-
plifies the problen of securing weathercock stability and
danping in yawing. Wind—tunnel tests of wings with sweep-
back show, however, that it is necessary to guard against

& pronounced rolling and pitching instabillty near the

stall,

Langley Menorial Aeronautlcal Laboratory, -
. National Advisory Comnlttee for Aeronqutics,
Langley PField, Va,, October .2, 1941.
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